INTRODUCTION
Hepatitis C virus (HCV) is an enveloped, positive-sense, singlestranded RNA virus belonging to the family Flaviviridae. The virus annually infects 170 million people worldwide. 1 Chronic HCV infection carries an approximately 15%-30% risk of liver cirrhosis, 1 and HCV-related cirrhosis is the major risk factor for hepatocellular carcinoma. 2, 3 Numerous growth factors, chemokines, and cytokines are activated in virus-infected hepatocytes, thereby causing chronic hepatic inflammation, which is the major driver of fibrogenesis. 2 Chronic liver injury results in both increased extracellular matrix (ECM) levels and alterations of ECM composition, 4 which are typical findings of liver fibrosis. The advanced stage of fibrosis, termed cirrhosis, distorts the normal architecture and vasculature of the liver. 5 Hepatic stellate cell (HSC) activation is the central event leading to the development of liver fibrosis. 5 Under homeostatic conditions, HSCs store large amounts of retinoids and exhibit a quiescent phenotype. 6 Following chronic liver injury, quiescent HSCs are activated, after which they transdifferentiate into a myofibroblast-like activated phenotype. 5 HSC activation consists of two major phases: initiation and perpetuation. 6 Once activated, HSCs secrete inflammatory cytokines and upregulate the gene expression of fibrogenic markers, such as a-smooth muscle actin (a-SMA) and ECM components, including fibronectin and collagens, particularly types I and III, leading to liver fibrosis. 7 Of note, attenuation of the source of injury results in either reversion of the HSCs to an inactivated state with an intermediate quiescent phenotype or apoptosis and clearance of activated HSCs. 8, 9 Therefore, reversion of HSC activation or the induction of apoptosis represents attractive targets for hepatic fibrosis modulation.
HCV core protein, as well as NS3 and NS5 proteins, indirectly triggers HSC activation by stimulating pro-mitogenic or pro-inflammatory pathways. 10 Moreover, HCV core protein and subgenomic replicons induce oxidative stress, increasing reactive oxygen species production and in turn activating transforming growth factor b1 (TGF-b1) expression and HSCs. [11] [12] [13] However, the mechanism of the progression and pathogenesis of liver fibrosis induced by HCV infection remains unclear.
Meanwhile, TGF-b participates in the initiation and maintenance of fibrogenesis as a powerful activator of HSCs. 14 Among three major isoforms of TGF-b (1-3), TGF-b1 is the predominant fibrogenic cytokine in the liver. 6, 15, 16 TGF-b1 induces the transcription of profibrotic molecules, including a-SMA and collagen type I (COL1), by stimulating SMAD or non-SMAD-associated pathways, such as p38/mitogen-activated protein kinase (MAPK), Akt, and JNK signaling, resulting in ECM formation. 17, 18 In addition, TGF-b1 blocks ECM degradation by matrix metalloproteinases (MMPs) through protease inhibitors, such as tissue inhibitors of MMPs (TIMPs). 15, 18 The TIMP versus MMP balance has a powerful influence on the development and resolution of liver fibrosis. 8, 19 Exosomes are extracellular vesicles of 30-100 nm in diameter that originate from multivesicular endosomes (MVEs) and that are released via exocytosis when MVEs fuse with the plasma membrane, in contrast to microvesicles that directly bud from the plasma membrane. 20, 21 Exosomes are released by various cell types, and they can be detected in local or circulating body fluids. 20 Exosomes play important roles in many biological processes, including immune responses; the progression of various diseases, such as cancer; and virus transmission, 21, 22 through mediating intracellular communication via the transfer of proteins, mRNAs, and non-coding RNAs, such as microRNAs (miRNAs) 23 without direct cell-to-cell contact. Replication-competent HCV RNA can also be detected in exosomes isolated from the plasma of HCV-infected patients. 24 Moreover, HCV infection can be transmitted by exosomal HCV genomic RNA, and the exosomes may cause a productive infection in hepatocytes. 25 However, the exact role of exosomes in HCV infection and the components in exosomes that influence the recipient cells are unclear.
We previously observed that HCV infection and replication increases TGF-b1 mRNA expression through microRNA-192 (miR-192) upregulation in hepatocytes. 26 Thus, in this study, we investigated whether and how HCV-induced miR-192 influences liver fibrosis. To this end, we tested whether upregulated miR-192 in HCV-replicating hepatocytes affects HSC activation and determined the mechanism by which HCV-induced miR-192 regulates HSC activation. Furthermore, we confirmed the roles of miR-192 in HSC activation by treating miR-192 mimic RNA or anti-miR-192.
RESULTS

Chronic HCV Replication Leads to HSC Activation through miR-192 Regulation
We initially tested whether HCV replication affects HSC activation, the key event in liver fibrosis. In this aim, JFH-1-stably replicating (JFH-1 stable cells) or naive Huh-7 cells were co-cultured with human HSC line LX-2 ( Figure 1A ). Then, RNA expressions of TGF-b1 and fibrosis markers, such as a-SMA and collagen type I alpha I (COL1A1), were increased in LX-2 cells when co-cultured with JFH-1 stable cells ( Figure 1B) , indicating that HCV replication activates HSCs. miR-192 levels were increased in both JFH-1-infected Figure 1 . Effects of HCV Replication and HCV-Induced miR-192 on HSC Activation (A) Scheme of co-culture of LX-2 cells with naive Huh-7 or HCV (JFH-1) stable cells. (B) RNA levels of two activation markers (COL1A1 and a-SMA) and TGF-b1, as well as miR-192 levels, in co-cultured LX-2 cells are shown. (C) Effects of miR-192 on HSC activation are shown. LX-2 cells were transfected with miR-192 mimic RNA or negativecontrol miRNA (siNTC). RNA level of COL1A1, a-SMA, and TGF-b1 was quantified relative to those in siNTC-transfected LX-2 cells. (D) Effects of miR-192 depletion on HCV stable cells are shown. Experimental scheme is shown (left). JFH-1 stable cells were transfected with anti-miR-192 RNA or scramble siRNA (scr) and co-cultured with LX-2 cells starting 6 h after transfection. RNA levels of COL1A1, a-SMA, TGF-b1, and miR-192 in co-cultured LX-2 cells were quantified relative to those in cells co-cultured with scr-transfected JFH-1 stable cells (right). All data are the means of at least three independent experiments, each performed in triplicate. Error bars represent the SEM. p values were determined via a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; ***p < 0.001. Huh-7 cells and JFH-1 stable cells, compared with naive Huh-7 cells ( Figure S1A ), as observed in our previous study. 26 TGF-b1 mRNA levels as well as miR-192 levels were also elevated in co-cultured JFH-1 stable cells, and HCV genome RNA was detected in these cells (Figures S1B and S1C). However, no HCV RNA was found using realtime qPCR in LX-2 cells co-cultured with JFH-1 stable cells (Figure S1C) . Notably, miR-192 expression was increased in LX-2 cells by co-culture with JFH-1 stable cells ( Figure 1B ). Direct transfection of miR-192 mimic RNA into LX-2 cells increased the expression of TGF-b1, COL1A1, and a-SMA (Figures 1C and S1D), indicating that miR-192 directly affects the expression of TGF-b1 and fibrosis markers in these cells. In addition, RNA levels of TGF-b1 and fibrosis markers, as well as those of miR-192, were decreased in LX-2 cells after co-culturing with JFH-1 stable cells that were treated with anti-miR-192 ( Figure 1D ), indicating that downregulation of miR-192 in HCV-replicating hepatocytes could directly or indirectly affect LX-2 cells. miR-192 and TGF-b1 mRNA levels in JFH-1 stable cells were also depressed by anti-miR-192 treatment ( Figure S1E ). These results suggest that miR-192 levels in HCV-replicating hepatocytes are linked to those of TGF-b1, fibrogenic markers, and miR-192 in LX-2 cells.
miR-192 Is Transferred to LX-2 Cells through the Supernatant
No HCV RNA in LX-2 cells co-cultured with HCV-producing JFH-1 stable cells ( Figure S1C ) and no transgene expression in LX-2 cells infected with HCV pseudoparticles carrying the luciferase gene (data not shown), as demonstrated previously, 27 suggest a lack of HCV infection and replication in LX-2 cells. Nevertheless, exposure to supernatant from JFH-1 stable cells increased the expression of fibrogenic markers, TGF-b1, and miR-192 in LX-2 cells (Figure 2A) . In contrast to the concentration-dependent effects of TGF-b1 treatment on TGF-b1, a-SMA, and COL1A1 mRNA expression in LX-2 cells, miR-192 expression was not affected by exposure to TGF-b1 ( Figure 2B ). These results imply that factors other than TGF-b1 and HCV particles in supernatant from HCV-replicating hepatocytes influence miR-192 expression in LX-2 cells. Notably, the expression level of fibrogenic markers, TGF-b1, and miR-192 was not affected in LX-2 cells exposed to supernatant from naive Huh-7 cells, which is human hepatoma cell lines, compared with control media, suggesting no effects of any components of supernatant from naive liver cancer cells on HSC activation ( Figure S2A ). miR-192 levels were elevated in supernatant from JFH-1 stable cells ( Figure S2B ), indicating that miR-192 is secreted into the supernatant of HCV-replicating hepatocytes. miR-192 levels were also increased in supernatant from miR-192 mimic-transfected hepatocytes and in LX-2 cells treated with the supernatant ( Figure 2C ). Contrarily, miR-192 levels were decreased in supernatant from anti-miR-192-transfected hepatocytes and in LX-2 cells treated with this supernatant. Moreover, TGF-b1 and fibrogenic marker expression in LX-2 cells was affected by the supernatant of hepatocytes transfected with miR-192 mimic or anti-miR-192 ( Figure S2C ). These results suggest that miR-192 secreted into the supernatant of HCV-replicating hepatocytes is linked to the accumulation of miR-192 and HSC activation in LX-2 cells.
Exosomes Facilitate HCV Replication-Induced HSC Activation
We examined whether miR-192 secreted from HCV-replicating hepatocytes is transferred into LX-2 cells through exosomes. Exosomes were purified from supernatant of Huh-7 or JFH-1 stable cells, and nanoparticles trafficking analysis (NTA) was used for measuring the particle size and concentration of exosomes ( Figure S3A ). The levels of exosomal markers, such as CD63, CD81, HSP70, and LAMP2, were significantly higher in exosomes isolated from JFH-1 stable cell-free supernatant (JFH-1 exosome) than in control exosomes isolated from naive Huh-7 cell-free supernatant (Huh-7 exosome; Figure 3A ). Calnexin, GM130, cytochrome C, and NUP98 were not detected in both JFH-1 exosome and Huh-7 exosome, indicating that the isolated exosomes were not contaminated by other organelles, including the endoplasmic reticulum, Golgi, mitochondria, and nucleoporin, respectively ( Figure 3B ). Moreover, NTA showed that the number of exosomes derived from JFH-1 exosome was approximately 2-fold higher than that isolated from Huh-7 exosome ( Figure S3A ), indicating that HCV replication increases exosome release. Notably, miR-192 and miR-122 levels were higher in JFH-1 exosome than in Huh-7 exosome ( Figure 3C ). HCV-positive genome RNA was also detected in JFH-1 exosome, as revealed in previous studies 24,28 ( Figure 3D ). As recently reported for subgenomic HCV RNA, 29 miR-19-3p was more abundant in JFH-1 exosome despite its lower copy number relative to the findings for miR-192 and miR-122 ( Figure S3B ).
Exposure of Huh-7 exosome showed little effects on protein and RNA levels in LX-2 cells, compared with media ( Figure S3C ). By sharp contrast, miR-192 levels and the mRNA levels of fibrosis markers and TGF-b1 were increased in JFH-1 exosome-treated LX-2 cells ( Figure 3E ). Protein levels of fibrosis markers, including COL1A1 and a-SMA, as well as TGF-b1 were also induced in JFH-1 exosome-treated LX-2 cells ( Figure 3F ). Moreover, LX-2 cells treated with JFH-1 exosome were more efficiently activated and transdifferentiated into a myofibroblast-like phenotype than cells treated with Huh-7 exosome, and treatment with JFH-1 exosome was also associated with elevated a-SMA expression ( Figures 3G and S4 ). However, little HCV RNA was found in LX-2 cells 48 h post-exposure of JFH-1 exosome, even though HCV RNA was detected in the cells at 24 h post-exposure ( Figure S3D ), indicating transfer of HCV RNA into LX-2 cells through JFH-1 exosome but no HCV RNA replication in the cells. These results suggest that LX-2 cell activation is not caused by the delivered HCV genomic RNA.
We confirmed our findings in human primary HSCs. Exposure of JFH-1 exosome showed increase in RNA levels of fibrosis markers and TGF-b1 as well as miR-192 and miR-122 levels, but no effects in miR-19-3p, in the primary HSCs ( Figures 4A and 4B ). Furthermore, exposure of JFH-1 exosome induced high levels of fibrosis marker proteins and activation of primary HSCs (Figures 4C, 4D , and S5). These results indicate that the number of miR-192-containing exosomes is increased by HCV replication, and they are released from the virus-replicating hepatocytes, after which they are transmitted to HSCs to activate and induce differentiation of the cells.
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Transferred Exosomes and Exosomal miR-192 Affect LX-2 Activation
We tested whether exosome-induced LX-2 cell activation was directly caused by exosomes. JFH-1 stable cells were treated with GW4869, a known inhibitor of exosome release, 28, 30 which led to decreased levels of the exosome marker CD63 and total exosome proteins in JFH-1 exosome ( Figure 5A ). The suppression of exosome release following GW4869 treatment was accompanied by reductions of miR-192, miR-122, and HCV genome RNA levels within the exosomes ( Figure 5B ). Treatment with exosomes isolated from GW4869-treated JFH-1 cells (GW4869 exosome) decreased the expression of HSC activation markers (COL1A1, a-SMA, and TGF-b1) of LX-2 cells ( Figure 5C ). Furthermore, treatment with GW4869 exosome effectively suppressed the transdifferentiation of LX-2 cells and reduced a-SMA accumulation in these cells ( Figures  5D and S6 ). Similar to its reduction within GW4869 exosomes, miR-192 levels were also decreased in LX-2 cells by GW4969 exosome treatment ( Figure 5E ).
Next, we determined the effects of exosomal miR-192. Exosomes isolated from JFH-1 stable cells treated with anti-miR-192 (anti-miR-192 exosome) had no effects on CD63 or total exosome protein levels, indicating that exosome release was not affected by miR-192 downregulation ( Figure 6A ). However, miR-192 copy numbers were decreased in these exosomes. By contrast, miR-122 and HCV genome RNA levels in JFH-1 exosomes were not affected by anti-miR-192 treatment ( Figure 6B ). Expression of the fibrosis markers COL1A1 and a-SMA as well as that of TGF-b1 in LX-2 cells was diminished . LX-2 cells were treated with supernatant from naive Huh-7 or JFH-1 stable cells for 3 days. The RNA levels of COL1A1, a-SMA, and TGF-b1 and miR-192 levels in LX-2 cells treated with JFH-1 supernatant were quantified relative to those in cells treated with naive Huh-7 supernatant (right). (B) Effects of TGF-b1 on miR-192 expression in HSCs are shown. LX-2 cells were cultured with serum-free medium for 16 h and then treated with different concentrations of recombinant TGF-b1 protein for 72 h. The mRNA levels of COL1A1, a-SMA, and TGF-b1 and miR-192 levels in LX-2 cells were assessed relative to those in control PBS-treated cells. (C) Effects of miR-192 introduction or depletion on Huh-7 cells are shown. Experimental scheme is shown (left). Huh-7 cells were transfected with miR-192 mimic RNA or anti-miR-192 for 48 h and then the supernatant was collected and used to treat LX-2 cells for 72 h. The miR-192 copy number in each supernatant was quantified (middle). miR-192 levels in LX-2 cells treated with each type of supernatant were assessed relative to those in cells treated with supernatant from negative-control miRNA (siNTC)-or scramble RNA (scr)-treated Huh-7 cells (right). All data are presented as the means of at least three independent experiments, each performed in triplicate. Error bars represent the SEM. p values were determined via a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., non-significant. . Immunoblot analysis of exosome marker proteins (CD63, LAMP2, HSP70, and CD81) in increasing volume of exosomes purified from each cell type is shown (left). The level of each exosome marker protein was quantified and presented as a percentage of that in Huh-7 exo (middle). Exosome total proteins were quantified using a bicinchoninic acid assay (BCA) (right). (B) Immunoblot analysis of total cell lysates (lysate) and isolated exosomes (exo) of naive Huh-7 or JFH-1 stable cells is shown. (C and D) Quantification of miRNAs and HCV RNA within exosomes from naive Huh-7 or JFH-1 cells is shown. After isolating exosomes, we re-suspended the exosomes in 100 mL PBS buffer and used 2 mL or 20 mL of the solution for the analysis of (C) the RNA levels of miR-192 (left: Huh-7 exo, 3.03 ± 2.69 Â 10 5 copies per 2 mL and 3.09 ± 2.26 Â 10 6 copies per 20 mL; JFH-1 exo, 7.20 ± 4.74 Â 10 5 copies per 2 mL and 8.80 ± 7.89 Â 10 6 copies per 20 mL), miR-122 (right: Huh-7 exo, 2.25 ± 1.80 Â 10 5 copies per 2 mL and 1.60 ± 1.43 Â 10 6 copies per 20 mL; JFH-1 exo, 4.43 ± 2.29 Â 10 5 copies per 2 mL and 5.06 ± 4.90 Â 10 6 copies per 20 mL), and (D) HCV RNA (JFH-1 exo, 2.42 ± 3.07 Â 10 5 copies per 2 mL and 2.15 ± 2.79 Â 10 6 copies per 20 mL). (E and F) Quantification of fibrotic marker RNAs and proteins in LX-2 cells treated with each type of exosomes is shown. (E) Relative intracellular mRNA levels of fibrosis markers (left) and copy numbers of miR-192 (right) in LX-2 cells treated with each type of exosomes are shown. Copy numbers of miR-192 were 3.30 ± 1.67 Â 10 5 and 6.18 ± 2.78 Â 10 5 per 100 ng of total RNA in Huh-7 exo-treated and JFH-1 exo-treated LX-2 cells, respectively. (F) Immunoblot analysis of the fibrosis markers COL1A1 and a-SMA, as well as TGF-b1, in LX-2 cells treated with each type of exosome (left) and quantification of their levels relative to those of tubulin (right) are shown. (G) Effects of exosomes on HSC activation are shown. LX-2 cells were treated with each exosome type for 72 h, fixed, stained, and visualized using fluorescence microscopy. Representative images (left) of a-SMA and DAPI staining in LX-2 cells are shown. Scale bars represent 50 mm. a-SMA protein levels (right) in LX-2 cells treated with each type of exosomes were quantified from more than five fields of three independent experiments and shown relative to the levels in cells treated with Huh-7 exo. Data are also shown in Figure S4 . All data are presented as the means of at least three independent experiments, each performed in triplicate. Error bars represent the SEM. p values were determined using a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; ***p < 0.001.
by anti-miR-192 exosome treatment ( Figure 6C ). In addition, treatment with anti-miR-192 exosome significantly decreased the transdifferentiation of LX-2 cells and reduced a-SMA accumulation in these cells ( Figures 6D and S7 ). miR-192 levels in LX-2 cells were also decreased by anti-miR-192 exosome treatment ( Figure 6E ). These results suggest that HCV-exposed exosomes alter the activation of LX-2 cells and that exosomal miR-192 directly or indirectly influences this activation.
Exosomal miR-192 Directly Influences HSC Activation
We tested whether miR-192 within exosomes can activate HSCs independently of HCV replication ( Figure 7A ). No changes in (D) Effects of exosomes on primary HSCs activation are shown. Primary HSCs were treated with each exosome type for 72 h, fixed, stained, and visualized using fluorescence microscopy. Representative images (left) of a-SMA and DAPI staining in primary HSCs are shown. Scale bars represent 50 mm. a-SMA protein levels (right) in primary HSCs treated with each type of exosomes were quantified from more than five fields and shown relative to the levels in cells treated with Huh-7 exo. Data are also shown in Figure S5 . All data are presented as the means of at least three independent experiments, each performed in triplicate. Error bars represent the SEM. p values were determined using a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., non-significant.
CD63 and total exosome protein levels were noted in exosomes isolated from naive Huh-7 cells transfected with miR-192 mimic RNA (miR-192 exosome; Figure 7B ), indicating that exosome numbers were not affected by the treatment, as observed for anti-miR-192 transfection in JFH-1 cells in Figure 6A . However, miR-192 levels within miR-192 exosome were significantly increased, whereas those of miR-122 remained unchanged (Figure 7C) . Treatment with miR-192 exosome increased the transdifferentiation of LX-2 cells and expression of COL1A1, a-SMA, and TGF-b1 in the cells (Figures 7D, 7E, and S8A) . Moreover, LX-2 cells treated with miR-192 exosome displayed elevated miR-192 levels ( Figure 7F ). Next, we more directly tested the effects of miR-192 by initially isolating exosomes from naive Huh-7 cells and then packaging miR-192 directly into these exosomes ( Figure 7G ). Treatment of LX-2 cells with miR-192-packaged exosomes induced transdifferentiation of the cells and increased levels of COL1A1, a-SMA, and TGF-b1 ( Figures 7H, 7I, and S8B) . Higher miR-192 levels were also found in LX-2 cells treated with miR-192-packaged exosomes (Fig-ure 7J) . These results suggest that LX-2 cell activation is directly influenced by miR-192 within exosomes.
Exosomal miR-192 Released from Hepatocytes Activates LX-2 Cells
We investigated whether miR-192 in hepatocytes could translocate into LX-2 cells through exosomes and activate LX-2 cells. To visualize the transport of extracellular miR-192 derived from hepatocytes, exosomes were isolated from Huh-7 cells transfected with Cy3-labeled miR-192 and then incubated with LX-2 cells ( Figure 8A ). Cellular uptake of Cy3-miR-192 was observed in LX-2 cells ( Figure 8B) , indicating the transmission of miR-192 derived from Huh-7 cells into LX-2 cells via exosomes. Moreover, LX-2 cells that accumulated exosomal miR-192 exhibited transdifferentiation and increased a-SMA expression. Loss of lipid droplets and intracellular retinoids is a distinguished feature of HSC activation, although it remains unclear whether these changes are required for HSC activation. 31 Meanwhile, inactive HSCs reverted from an activated state display a quiescent-like phenotype characterized by the presence of intracellular retinoid lipid droplets. 32 Treatment of JFH-1 exosome-exposed LX-2 cells with anti-miR-192 significantly rescued the presence of retinoid lipid droplets in the cells and decreased levels of COL1A1, a-SMA, and TGF-b1 ( Figures 8C and 8D ). Levels of miR-192 were much more downregulated in exosome-exposed LX-2 cells treated with anti-miR-192 than even those in PBS-treated LX-2 cells ( Figure 8E ). These results indicate that downregulating miR-192 can reverse HSC activation caused by HCV replication through decreasing TGF-b1 signal.
DISCUSSION
miRNAs are key regulators of HCV-induced liver diseases, and the expression patterns of miRNAs can be changed during HSC activation. [33] [34] [35] However, the mechanism by which miRNAs mediate HCV-induced liver diseases, including fibrosis, is unclear. We previously observed that HCV infection and replication increases the levels of miR-192 through HCV core protein in hepatocytes and stimulates TGF-b1 transcription in the cells through miR-192mediated ZEB1 downregulation. 26 In this study, we observed the fibrotic activation of HSCs by HCV-induced miR-192 when cocultured with HCV-replicating hepatocytes. Notably, miR-192 accumulated in HSCs through exosomes released from HCV-replicating hepatocytes, but its accumulation was not induced by either TGF-b1 or HCV particles. The transmitted exosomal miR-192 stimulated the transdifferentiation of not only LX-2 hepatic stellate cell lines but also human primary HSCs into myofibroblasts through TGF-b1 stimulation.
Exosomes from HCV-infected patients contain replication-competent viral RNA as well as miR-122. 36 In this study, we demonstrated that HCV replication increased exosome release and exosomal miR-192 levels in addition to those of exosomal HCV genome RNA and miR-122. Recently, Devhare et al. 29 reported that exosomes released from HCV-infected hepatocytes promoted HSC activation, which was related to the exosomal transmission of miR-19a. We also examined that miR-19a (7.99 ± 4.39 Â 10 5 copies per 20 mL of JFH-1 exosome) was packaged in the exosomes but at a much lower copy number than miR-192 (8.80 ± 7.89 Â 10 6 copies per 20 mL of JFH-1 exosome) and miR-122 (5.06 ± 4.90 Â 10 6 copies per 20 mL of JFH-1 exosome). However, the mechanism by which HCV infection increases exosomal miR-19a levels is unclear. Moreover, it is uncertain whether HCV replication induces miR-19a expression or enhances miR-19a packaging into exosomes. Contrarily, the observation of a significant reduction of miR-192 levels within GW4869 or anti-miR-192 exosome in this study and the previous finding of miR-192 induction in HCV-infected hepatocytes 26 strongly indicate that HCV-induced exosomal miR-192 level is mainly due to HCVmediated increases in miR-192 expressions in the infected cells combined with an HCV-induced increment of the number of exosomes. Notably, we observed efficient transmission of miR-192, but not miR-19-3p, into not only LX-2 cell lines but also primary HSCs by JFH-1 exosome. In addition, effective suppression of HSC activation by treatment with anti-miR-192 exosome was observed in this study, strongly indicating that exosomal miR-192 is the major inducer of the development of HCV-induced liver fibrosis. Moreover, whether exosome-packaged miR-19a solely activates HSCs independently of HCV infection and replication is unclear. Contrarily, the observation of efficient HSC activation and transdifferentiation following treatment with exosomes from miR-192 mimic RNA-transfected hepatocytes or with miR-192-packaged exosomes in this study strongly suggests that exosome-packaged miR-192 alone can induce HSC activation.
The most widely known functions of miR-192 are inducing renal fibrosis through TGF-b1 upregulation in the kidneys 37 and downregulating target transcripts, including several genes associated with cell The intensity of a-SMA staining was quantified using more than five fields from at least three independent experiments (right). Data are also shown in Figure S8A . (F) Intracellular miR-192 levels in LX-2 cells treated with each type of exosomes were quantified. (G) Experimental scheme: exosomes were first purified from naive Huh-7 cells and then packaged with siNTC or miR-192 (siNTC-and miR-192-packaged exosomes, respectively). (H) Immunoblot analysis of COL1A1, a-SMA, and TGF-b1 expression in LX-2 cells treated with each packaged exosome type is shown (left). Protein levels were quantified relative to those of tubulin (right). (I) LX-2 cells were treated with each packaged exosome type for 72 h, fixed, stained, and visualized using fluorescence microscopy. Representative images of a-SMA and DAPI staining in each cell are shown (left). Scale bars represent 50 mm. Intensity of a-SMA staining was quantified using more than five fields from at least three independent experiments is shown (right). Data are also shown in Figure S8B . (J) Intracellular miR-192 levels in LX-2 cells treated with each packaged exosome type were quantified. All data are presented as the means of at least three independent experiments, each performed in triplicate. Error bars represent SEM. p values were determined using a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; n.s., non-significant.
cycle regulation in colon cancer and myeloma. 38, 39 Concerning liver diseases, miR-192 has emerged as a new biomarker of acetaminophen-induced acute liver injury. 40 Moreover, liver injury is associated with miR-122 and miR-192 levels in the sera of patients with chronic hepatitis C. 41 In contrast, miR-192 levels tend to be lower in cirrhotic livers of patients and were downregulated in HSCs during progression of hepatic fibrosis in mouse models established by treatment of bile duct ligation surgery or chronic CCl4, and miR-192 may play a role in maintaining the quiescence state of HSCs. 42 However, HSCs were clearly activated following transfection with miR-192 mimic RNA in this study. Moreover, HSCs were efficiently transdifferentiated into myofibroblasts following treatment with miR-192-containing exosomes released from HCV-replicating or miR-192-transfected hepatocytes or with miR-192-packaged exosomes. Furthermore, HSC activation was significantly suppressed when exosomal miR-192 transmission into the cells was reduced by anti-miR-192 treatment of HCV-replicating hepatocytes. Most importantly, HCV-activated HSCs reverted to an inactivated state after treatment with anti-miR-192. Taken together, the results illustrate that miR-192 is critical for the initiation and/or perpetuation of HSC activation following (C) LX-2 cells were exposed to PBS or JFH-1 exosomes and then treated with scrambled RNA (scr) or anti-miR-192. Oil Red O staining image of LX-2 cells using a light microscope (left) and quantification of Oil-Red-O-stained cells using a microplate reader after destaining are shown (right). The results are representative of at least three independent experiments. (D) Immunoblot analysis of COL1A1, a-SMA, and TGF-b1 expression in exosome-exposed LX-2 cells treated with each RNA is shown. (E) Intracellular miR-192 levels in exosome-exposed LX-2 cells treated with each RNA were quantified and presented as the means of at least three independent experiments, each performed in triplicate. Error bars represent the SEM. p values were determined using a one-tailed unpaired Student's t test. *p < 0.05; **p < 0.01; ***p < 0.001. HCV replication. Components released from naive cancerous cell lines used in this study may not be related with HSC activation due to no observation of activation in LX-2 cells exposed to supernatant from Huh-7 cells. The miRNA expression profile in patients with liver diseases or HSCs exhibits a number of differences, and heterogeneity between studies has been noted. 43, 44 These discordances might be due to differences in the causes of hepatic injury, methods of HSC activation, or species studied.
Unlike liver cirrhosis, liver fibrosis is known as a reversible disease. 8 Therefore, diagnosis and treatment are considered attractive goals in this stage. In particular, HSC activation is a critical step in the development of fibrosis; hence, resolution of HSC activation through reversion or apoptosis is an attractive target for hepatic fibrosis regulation. miR-192 levels are increased in the sera of patients with fibrosis caused by nonalcoholic liver disease, thus making it a potential biomarker. 34, 45 In addition, our study suggests exosomal miR-192 as a potential HCV-related fibrosis marker, given its important role in HSC activation through TGF-b1 stimulation. Moreover, our study reveals that downregulation of HCV-induced miR-192 in hepatocytes reduced miR-192 levels in exosomes and impeded the development of hepatic fibrosis. More importantly, downregulating miR-192 in HCV-activated HSCs was sufficient to reverse the transdifferentiation of these cells through the downregulation of the major fibrogenic trigger TGF-b1. Therefore, miR-192 antagonism should be a useful therapeutic approach against HCV-induced fibrosis.
In conclusion, we identified exosomal miR-192 as a major regulator of HCV-mediated hepatic fibrosis. HCV replication increases the level of miR-192 in hepatocytes and the release of miR-192-packaged exosomes. HCV-induced exosomal miR-192 is transmitted into HSCs and increases the production of TGF-b1 and liver fibrosis markers in the cells, resulting in HSC activation and transdifferentiation into myofibroblasts. Downregulating miR-192 in either HCV-replicating hepatocytes or exosome-activated HSCs efficiently suppresses HSC activation or leads to reversion of activated HSCs. These findings suggest that miR-192 is useful as a diagnostic and therapeutic target for HCV-mediated liver fibrosis. Further studies are required to determine whether exosomal miR-192 levels are associated with hepatic fibrosis of chronic hepatitis C patients and whether any additional exosomal miRNAs have functional roles in HCV replication progression of HSC activation through coordination with miR-192.
MATERIALS AND METHODS
Cells and HCV
An infectious, replication-competent JFH-1 virus (HCV genotype 2a) was generated as previously described. 46, 47 The human hepatoma cell line Huh-7 (JCRB Cell Bank, JCRB0403, Osaka, Japan) and JFH-1 stably replicating Huh-7 cells (JFH-1 stable cells) were cultured and generated as previously described. 48, 49 Briefly, Huh-7 and JFH-1 stable cells were maintained in DMEM with high glucose (GE Healthcare Hyclone, Logan, Utah) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (GE Healthcare Hyclone) and 1% penicillin and streptomycin (p/s) at 37 C. The human HSC line LX-2 was pur-chased from EMD Millipore (SCC064, Ontario, Canada) and maintained in DMEM with high glucose supplemented with 2% heat-inactivated FBS and 1% p/s at 37 C. The passage number of cell culture was less than five for Huh-7 and JFH-1 stable cells and less than three in LX-2 cells for all experiments in this study. The human primary HSCs were purchased from iXCells Biotechnologies (10HU-210, San Diego, CA) and maintained in Stellate Cell Growth Medium (cat. no. MD-0014, iXCells Biotechnologies, San Diego, CA, USA) at 37 C. After thawing of frozen cells, the primary HSCs cells were used immediately when the cells reached 80% confluence rather than sub-cultured.
Co-culture of LX-2 Cells with Naive Huh-7 or HCV Stable Cells Co-culture experiments were conducted using Transwell Permeable Supports 0.4-mm membranes (Corning, Corning, NY, USA). Naive Huh-7 or JFH-1 stable cells (1 Â 10 5 ) were seeded into 0.4-mm Transwell membranes overnight. Naive Huh-7 cells or JFH-1 stable cells were co-incubated with LX-2 cells at a density of 2 Â 10 5 cells in 37 C in a CO 2 incubator for 72 h and harvested for subsequent experimentation.
Transfection of miRNA Mimic RNA and Anti-miRNA Cells (2 Â 10 5 ) were seeded in 35-mm culture dishes and transfected with 50 pmol of miRNA mimic RNA or anti-miRNA twice using Lipofectamine 2000 reagent (Thermo Fisher Scientific, Waltham, MA, USA). The sequences are listed in Table S1 . siNTC and anti-scramble were used as a negative control for miRNA and anti-miRNA, respectively. Cells were washed with 1Â PBS, and the medium was changed to penicillin and streptomycin-free medium at 6 h post-transfection followed by incubation for 48 h for subsequent experimentation.
Total RNA Isolation and Quantification of miRNA, mRNA, and HCV RNA Cells were washed once with 1Â PBS, and total RNA was extracted using Tri-reagent (MRC, Cincinnati, OH) according to the manufacturer's protocol. After RNA isolation, total RNA was treated with RNase-free DNase I (Roche, Penzberg, Germany) and reverse transcribed, and real-time qPCR was performed. Reverse transcription was performed using two different methods. First, cDNA of mRNA and HCV genome RNA was synthesized from 1 mg of total RNA using reverse transcriptase (ABM, Richmond, Canada) and amplified using Power SYBR Green Master Mix (Applied Biosystems, Posters, CA, USA). Second, miRNA (100 ng) was reverse transcribed into cDNA using a reverse transcription kit (no. 4366596; Applied Biosystems). Quantification was performed using the TaqMan microRNA Assay and TaqMan PCR Master Mix (no. 4324018; Applied Biosystems). Real-time PCR was performed in triplicate wells for each condition using the Step One Plus Real-Time PCR System (Applied Biosystems) or Rotor-Gene Real-Time System (QIAGEN, Hilden, Germany). The copy numbers of HCV-positive-strand genomes and miRNAs were calculated in comparison to a standard curve of full-length in vitro transcribed HCV RNA and miRNA mimic RNAs, respectively. RNA levels were normalized to those of 18S rRNA or GAPDH mRNA in each sample, but not for exosome samples. The primer sequences for real-time PCR are listed in Table S2 . All data are the means of at least three independent experiments, each performed in triplicate.
TGF-b1 Treatment
Serum-starved LX-2 cells (3 Â 10 5 ) were seeded in 6-well plates. After 16 h of culture, TGF-b1 recombinant protein (GF111, EMD Millipore, Darmstadt, Germany; concentration 1-25 ng/mL) was treated with DMEM supplemented with 2% FBS.
Analysis and Treatment of Cell-free Supernatant
The supernatant of cultured cells was harvested and centrifuged at 2,000 rpm for 10 min to remove cells and debris. The supernatant was analyzed by real-time qPCR to detect miRNAs and HCV genome RNA. Supernatant from Huh-7 cells or JFH-1 stable cells (1 mL) was used to treat LX-2 cells.
Isolation and Treatment of Exosome
Exosomes from cell culture supernatants were isolated using ExoQuick-TC (System Bioscience, Palo Alto, CA) according to the manufacturer's protocol. Specifically, the same numbers of Huh-7 and JFH-1 stable cells were incubated for 3 days. To inhibit exosome release, cells were treated for 48 h with 10 mM GW4869 (Sigma Aldrich, St. Louis, MO, USA) dissolved in DMSO (Sigma Aldrich). To assess the effects of miR-192, cells were transfected with miR-192 mimic RNA or anti-miR-192. siNTC or scramble RNA was used as a control. Supernatant from each cell type was collected and centrifuged at 3,000 rpm for 15 min to remove cells and debris. The supernatant (5 mL) was added to ExoQuick-TC (1 mL) and mixed well by inverting. After overnight culture at 4 C, the mixture was centrifuged at 1,500 Â g for 30 min at 4 C. The supernatant was then aspirated and centrifuged at 1,500 Â g for 5 min. The whole-exosome pellet was re-suspended in 100 mL of 1Â PBS, separated into 20 mL aliquots, and stored at À80 C. For RNA analysis, total RNA was extracted from the re-suspended exosomes using Tri-reagent (MRC) and real-time qPCR was performed.
Immunoblot Analysis
Cells or isolated exosomes were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM EDTA) supplemented with a protease inhibitor cocktail (Invitrogen, Carlsbad, CA, USA) and then maintained by constant agitation for 30 min at 4 C. Lysates were harvested by centrifugation at 4 C. Proteins quantified using the SMART bicinchoninic acid Protein Assay (iNtRON Biotechnology, Gyeonggi-do, Republic of Korea) were separated by SDS-PAGE and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes (EMD Millipore) in 2 mM Tris-192 mM glycine buffer. The membrane was blocked with 5% blocking reagent (Amersham ECL Prime Blocking Reagent, GE Healthcare Life Sciences, Buckinghamshire, UK) in Tris-buffered saline with 0.1% Tween 20 (TBS-T) and incubated with the following primary antibodies overnight at 4 C: anti-CD63 (1:1,000 dilution; EXOAB-CD63A-1; System Bioscience or sc-5275; Santa Cruz Biotechnology, Dallas, TX, USA); anti-LAMP2 (1:2,000 dilution; sc-18822; Santa Cruz Biotechnology); anti-HSP70 (1:1,000 dilution; EXOAB-HSP70A-1; System Biosciences); anti-CD81 (1:1,000 dilution; EXOAB-SD81A-1; System Biosciences); anti-a-SMA (1:1,000 dilution; ab7817; Abcam, Cambridge, UK); anti-COL1A1 (1:1,000 dilution; ab34710; Abcam); anti-TGFb1 (1:1,000 dilution; ab92486; Abcam); anti-cytochrome C (1:2,000; no. 11940; Cell Signaling Technology, Danvers, MA, USA); anti-Calnexin (1:2,000; no. 2679; Cell Signaling Technology); anti-NUP98 (1:2,000; no. 2598; Cell Signaling Technology); anti-GM130 (1:2,000; no. 12480; Cell Signaling Technology); or anti-a-tubulin (1:1,000 dilution; PM054; BioMax, Seoul, Republic of Korea). After washing, membranes were incubated with horseradish peroxidase-coupled secondary antibody for 1 h at 25 C. The secondary antibodies were goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP) (1:6,000; sc-2005; Santa Cruz Biotechnology) and goat anti-rabbit IgG-HRP (1:3,000; sc-2004; Santa Cruz Biotechnology or TSG101; System Biosciences). The protein bands were visualized using an enhanced chemiluminescence protocol (Advansta, San Jose, CA, USA) and exposed onto Kodak X-ray film. The densitometric intensities of the immunoreactive bands were quantified using ImageJ (NIH, Rockville, MD, USA) or Image Studio software (LI-COR Biosciences, Lincoln, NE, USA).
Immunofluorescence Microscopy
Cells were washed three times in 1Â PBS, fixed in 3% formaldehyde (DUKSAN, Gyeonggi-do, Republic of Korea) in cold PBS at 4 C for 30 min, rinsed three times in 1Â PBS, and permeabilized with 0.5% Triton X-100 in 1Â PBS at room temperature for 10 min. Cells were further rinsed three times in 1Â PBS for 5 min each, blocked with 5% BSA in PBS at room temperature for 1 h, and stained with a-SMA antibody (1:200; ab7817; Abcam) for 3 h at room temperature followed by five rinses in 1Â PBS for 5 min each. The cells were incubated with goat anti-mouse IgG conjugated to Alexa 488 (1:1,000; A11001; Invitrogen) for 1 h at room temperature in the dark and rinsed in 1Â PBS five times for 5 min each. Coverslips were mounted using SlowFade Gold antifade reagent with DAPI (S36938; Invitrogen). Fluorescence images were visualized under an optical microscope (Ni-SS; Nikon Instruments, Melville, NY, USA). Positive immunofluorescence was quantified on the basis of optical intensity using NIS Elements BR software. Representative images of a-SMA (Alexa 488; excited at 488 nm; green) and DAPI (nuclei; excited at 405 nm; blue) staining were taken, and the average intensity in more than five fields from at least three independent experiments was graphed.
Cellular Uptake of miRNAs
The cellular uptake of Cy3-labeled miR-192 was examined using confocal microscopy. Huh-7 cells were transfected with Cy3-labeled miR-192. After 72 h of transfection, exosomes were isolated using ExoQuick-TC (System Bioscience). LX-2 cells were incubated with the exosomes for 72 h, fixed, and stained with a-SMA antibody (1:200; ab7817; Abcam) as described in the Immunofluorescence Microscopy section. Confocal fluorescence images were obtained using a laser-scanning confocal microscope (A1-Rsi; Nikon Instruments).
Representative images of miR-192 (red; excited at 543 nm), a-SMA (Alexa 488; excited at 488 nm; green), and DAPI (nuclei; excited at 405 nm; blue) staining were taken, and the average intensity of five fields from at least three independent experiments was graphed.
Packaging of miRNA in Exosomes
Exo-Fect (System Bioscience) was used to package miRNA into isolated exosomes according to the manufacturer's protocol. Briefly, isolated exosomes from Huh-7 cell-free supernatant (5 mL) were re-suspended in 100 mL of 1Â PBS and then the components, consisting of 10 mL of Exo-Fect solution, 20 mL of miR-192 or non-template control siRNA (siNTC) (20 pmol), 100 mL of 1Â PBS, and 20 mL of purified exosomes, were mixed by inversion three times. The component mixture was incubated at 37 C in a shaker for 10 min and then immediately placed on ice. To stop the reaction, 30 mL of ExoQuick-TC reagents were added to the component mixture and mixed by inverting six times. miRNA-packaged exosomes were placed on ice for 30 min and then centrifuged for 3 min at 13,000 rpm. The supernatant was removed, and the packaged exosome pellet was re-suspended in 200 mL of 1Â PBS.
Oil Red O Staining and Destaining
After incubating LX-2 cells with exosomes derived from JFH-1 cell supernatant for 72 h, cells were transfected with scramble or anti-miR-192 RNA for 48 h. Cells were washed with 1Â PBS three times and fixed in 10% formaldehyde at room temperature for 20 min. The cells were then washed three times in 1Â PBS and stained with a freshly prepared Oil Red O (Sigma-Aldrich) working solution (diluted in water and filtered through two-layer Whatman filter paper) for 20 min at room temperature. After removing the Oil Red O solution, cells were washed with 1Â PBS five times, and the red-stained lipid droplets were observed via light microscopy. To quantify staining, Oil Red O was extracted from cells using 100% isopropanol and transferred to a 96-well plate, and the optical density was measured at 540 nm using a microplate reader (Epoch; BioTek, Winooski, VT, USA).
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 5 software (GraphPad, San Diego, CA, USA). Student's unpaired t test and one-way ANOVA were used for statistical analyses of the data. Results were expressed as the mean ± SE (SEM; n > 3). 
SUPPLEMENTAL INFORMATION
